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ABSTRACT 
 
The integration of two-dimensional (2D) periodic nanopattern defined by nanoimprint lithography and dry etching into 
aluminum induced crystallization (AIC) based polycrystalline silicon (Poly-Si) thin film solar cells is investigated 
experimentally. Compared to the unpatterned cell an increase of 6% in the light absorption has been achieved thanks to the 
nanopattern which, in turn, increased the short circuit current from 20.6 mA/cm2 to 23.8 mA/cm2. The efficiency, on the other 
hand, has limitedly increased from 6.4% to 6.7%. We show using the transfer length method (TLM) that the surface topography 
modification caused by the nanopattern has increased the sheet resistance of the antireflection coating (ARC) layer as well as the 
contact resistance between the ARC layer and the emitter front contacts. This, in turn, resulted in increased series resistance of 
the nanopatterned cell which has translated into a decreased fill factor, explaining the limited increase in efficiency. 
 
Index Terms—AIC, nanopatterning, nanophotonics, light trapping, NIL, polycrystalline silicon, thin film solar cells, transfer 
length method.
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I. INTRODUCTION 
Thin film polycrystalline silicon (Poly-Si) based on aluminum 
induced crystallization (AIC) and epitaxial thickening could 
be an interesting photoactive layer for lower-cost crystalline 
silicon solar cells as it can be grown from vapor phase on non-
silicon lower cost foreign substrates. This has been made 
possible thanks to the AIC layer exchange process [1] 
producing a 3-micrometer layer of Poly-Si on alumina 
substrate. AIC is one member of the metal induced 
crystallization (MIC) family using the aluminum to produce a 
very thin seed layer which is further thickened by epitaxial 
growth. The process of fabricating the seed layer is based on 
the layer exchange between an amorphous silicon (a-Si) thin 
layer and an aluminum layer deposited on top. By annealing at 
500℃ the two layers exchange positions producing a Coarse-
grained seed layer with grains of 1-100 µm. This two-step 
approach enables the decoupling of the doping/profile type 
and the final layer thickness from the initial properties of the 
formed seed layer like its grain size and preferential 
orientation [1]. Other alternative one-step techniques were 
also investigated like thermal solid phase crystallization (SPC) 
[2], which is the only technology that had already been 
matured for industrial production [3], laser induced 
crystallization (LIC) [4], electron beam crystallization [5], 
joule heating [6]; the techniques which enable the re-
crystallization of a deposited Si layer that can directly be used 
as the base layer in the cell processing [1]. In this work we 
used the AIC based Poly-Si as our base layer to make use of 
the advantage of the two-step process approach which had led 
to an efficiency of 8% obtained by imec, Belgium [7]. 
Light trapping is an inherent challenge to all crystalline 
silicon thin-film solar cell technologies due to the poor light 
absorption of crystalline silicon near its bandgap energy and 
the typical low thickness of the fabricated base layer. 
Therefore, an efficient light trapping scheme is inevitable for 
such thin layers to achieve high solar cell performance. 
However, there was always a compromise between the optical 
light trapping efficiency of the used scheme and its material 
consumption. This tradeoff is obvious in the random pyramid 
texturing technique which is one of the most extensively used 
state of the art light trapping techniques for commercial 
crystalline silicon solar cells. Pyramids of several micrometers 
high are fabricated using potassium or sodium hydroxide 
etching [8] on thick crystalline silicon photoactive layers. The 
optical working principle of this technique is based on the 
statistical harvesting of light or geometrical optics [9] as the 
dimension of the pyramids are much larger than the 
wavelengths range of the solar spectrum. As a result of its 
high material consumption, this texturing technique cannot be 
used for ultra-thin film technologies of few micrometers since 
the material waste during the pyramid formation is in the order 
of the thin-film thickness. The challenge of reducing material 
consumption during texturing has partially been solved by the 
random plasma texturing technique which could create 
randomly textured surfaces at the nano-scale. However, this 
technique still consumes ~1 micrometer of material and 
creates a very rough surface that is difficult to passivate. This 
texturing technique has been used on the AIC based Poly-Si 
cells and a current of 20 mAcm-2, an open circuit voltage of 
534mV, a fill factor of 73% and an efficiency of 8% were 
obtained [7]. Fortunately, progress in nanophotonics made it 
possible to fabricate periodic nanostructures in the range of 
wavelengths that silicon absorbs [10], [11]. Many low material 
consumption techniques for light trapping have been emerged 
like hole mask colloidal lithography (HCL) [12] and laser 
holographic lithography [13], [14]. These techniques open the 
possibility of surpassing the Yablonovitch limit [15] which 
states that the light path length enhancement obtained by 
statistical light harvesting techniques is only limited to 4n2, 
where n is the refractive index of the base material. 
Nanoimprint lithography (NIL) [16] is one of these promising 
technologies that enable the fabrication of surface nanopattern 
of sizes in the wavelength range on large area. NIL is a low 
cost, high throughput, high resolution lithography technique 
and has already been used to fabricate surface nanopattern for 
light trapping in thin film crystalline silicon solar cells [17], 
[18]. 
In this work, we propose using NIL combined with dry 
etching to fabricate a two dimensional (2D) periodic surface 
nanopattern in order to improve the optical properties, and 
hence more light generated current, of an AIC based Poly-Si 
solar cell with a photoactive layer of a 3-micrometer 
thickness. In the next section, the nanopattern and solar cell 
fabrication details are presented, together with the transfer 
length method (TLM) that is introduced to characterize the 
contact and sheet resistances of the front layers of the Poly-Si 
cells studying the influence of integrating the nanopattern. 
Then the results of integrating the nanopattern are presented 
and discussed topographically, optically and electrically.  
II. EXPERIMENTAL DETAILS 
As shown in Fig. 1, and also described in [17], the 2D 
periodic nanopattern is defined in three steps: soft stamp 
fabrication, NIL using the fabricated soft stamp and finally 
reactive ion etching (RIE) of the silicon layer. The process 
starts by fabricating a silicon master stamp patterned by Deep 
Ultraviolet (DUV) lithography and dry etching to the desired 
patterning shape and dimensions. A polydimethylsiloxane 
(PDMS, Sylgard®184 Silicone Elastomer from DOW 
CORNING) soft stamp is then fabricated using the master 
stamp as a mold where the soft stamp carries the negative 
pattern of the master stamp. The Poly-Si samples to be 
nanopatterned are spin coated with a thermoplastic resist 
which is then baked at 100℃ to evaporate its solvents. The 
soft stamp is used to transfer the nanopattern to the resist by 
using a home-made hydraulic press, in which the resist is 
deformed by compression. This imprint step is done at 130°C 
which is above the glass transition temperature of the resist. At 
that temperature, both the resist Young’s modulus and 
viscosity drop by several orders of magnitude for easy 
deformation [10]. A two-step process of RIE is then applied 
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to, firstly, etch the residual thin layer  of the resist mask using  
O2 plasma, and, secondly, a combination of  SF6 and O2 to 
chemically and physically etch the Poly-Si through the 
nanopatterned resist. The resulting etching profile is totally 
independent of the crystal orientations of the Poly-Si grains 
because of the violent ionic bombardment involved in the 
physical etching part of the process. The dimensions of the 
nanopatterning can be controlled by the various etching 
parameters (power, pressure, gas concentration and time). 
Although the period of the nanopattern is predefined from the 
used master stamp, its depth and diameter-to-period ratio are 
controlled by the etching conditions. Finally the resist is 
removed by dissolution in acetone. 
Fig. 1.  Soft thermal nanoimprint lithography and dry etching process flow 
  
To fabricate an AIC based Poly-Si solar cell, a 
heterojunction emitter structure is used [7], [19]. As shown in 
Fig. 2, the process starts by defect passivation by plasma 
hydrogenation at 600℃ and then deposition of an intrinsic 
(10nm) and n+-doped (10nm) hydrogenated amorphous 
silicon (i/n+ a-Si:H) layer by plasma enhanced chemical vapor 
deposition (PECVD) for surface passivation and emitter 
formation, respectively. An 80nm layer of indium tin oxide 
(ITO) is then sputtered as a transparent conductive oxide 
(TCO) [20] also acting as an antireflection coating (ARC). 
The ITO layer material is optimized to allow for high optical 
transmission as an ARC and high electrical conduction as a 
TCO. The refractive index of the ITO layer is 2.1 at 550 nm. It 
stays roughly constant till the bandgap wavelength of Silicon 
(~1100 nm). The contacts are then formed on the front side of 
the Poly-Si sample using an interdigitated scheme. The 
aluminum base contacts are formed by a lift off process, in 
which the contacts are defined by photolithography. During 
the photolithography process, two stacked layers of 
photoresist were deposited in such a way (see step 3 of Fig. 2) 
that enables the under etching of the ITO layer to avoid its 
contact with the Al base contacts to be deposited afterwards. 
The ITO layer and Poly-Si are then chemically etched to allow 
for the electron beam evaporation of aluminum fingers to 
contact the base. Ti/Pd/Ag contacts are e-beam evaporated 
through shadow masks to contact the emitter. Finally, the 
fabricated cells are annealed at 200°C after which the cell 
separation is done by dicing.  
 
 Fig. 2.  Poly-Si interdigitated solar cell processing. 
 
The nanopatterning is done just before the i/n+ a-Si 
deposition for the etched surfaces to be passivated by the 
hydrogenated intrinsic a-Si which is inevitable after the 
damage the RIE introduces to the surface. The resulting 
topography is characterized using scanning electron 
microscopy (SEM). Optical characterization is done by 
spectrally resolved reflectance and transmittance using an 
integrating sphere. The integrated values (𝑋𝑖𝑛𝑡) are calculated 
over the wavelength range from 300 nm (𝜆𝑚𝑖𝑛) to 1100 nm 
(𝜆𝑚𝑎𝑥) using the following formula: 
 
 
𝑋𝑖𝑛𝑡 =
∫
𝜆
ℎ𝑐  𝑆𝐴𝑀1.5𝐺
(𝜆) 𝑋(𝜆) 𝑑𝜆
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛
∫
𝜆
ℎ𝑐  𝑆𝐴𝑀1.5𝐺
(𝜆) 𝑑𝜆
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛
 
 
(1) 
Where 𝑋(𝜆) is the reflectance, transmittance or absorbance 
at wavelength 𝜆, ℎ is Blank’s constant, 𝑐 is the speed of light 
in vacuum, and  𝑆𝐴𝑀1.5𝐺(𝜆) is the air mass 1.5 global tilt solar 
intensity at wavelength λ.  
The illuminated J-V characteristics of the fabricated cells 
are measured under AM1.5G spectrum in a calibrated AAA 
solar simulator. Contact resistance characterization is done 
using TLM [21].  
The TLM is a classical method, proposed by Shockley [22], 
used to measure the contact resistance (𝑅𝑐) of a metal-
semiconductor interface, but the measurement is independent 
of the type of contact. The TLM test structure [see Fig. 3(a)] 
consists of unequally spaced contacts where the contacts have 
a width W, length L and the separation distance between the 
fingers is denoted by d1, d2, d3,..di. By the application of a 
voltage difference on a pair of contacts of separation distance 
di, current flows between the two fingers and then the 
resistance is then calculated, consisting of the specific contact 
resistance 𝜌𝑐 between the two layers and the sheet resistance 
𝑅𝑠ℎ of the bottom layer. The typical curve resulting from the 
TLM measurements is a straight line whose slope is 
proportional to 𝑅𝑠ℎ and whose intersection with the resistance 
axis is twice the contact resistance between the two layers. 𝑅𝑐, 
𝑅𝑠ℎ and 𝜌𝑐 can all be related by the following equation: 
 𝑅𝑐 =
𝜌𝑐
𝐴𝑒𝑓𝑓
=
𝜌𝑐
𝐿𝑇𝑊
; 𝐿𝑇 = √𝜌𝑐 𝑅𝑠ℎ⁄  (2) 
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Where 𝐿𝑇 is the transfer length [21], [23], [24].  
In the next section we use the TLM method to quantify the 
impact of integrating the nanopattern into the Poly-Si cell in 
which measurements are done for the ITO layer and Ti/Pd/Ag 
emitter contacts since they are the most affected layers by the 
presence of the nanopattern. Consequently, our TLM structure 
[see Fig. 3(b)] consists of an ITO sputtered blanket layer and 
then unequally spaced Ti/Pd/Ag contacts are deposited by 
electron beam evaporation. The supporting structure is a non-
conductive substrate consisting of a 400-um-lowly-doped p-
type crystalline silicon wafer coated with a thin 20 nm layer of 
intrinsic amorphous silicon. This stack guarantees no leakage 
current flowing into the substrate which could affect the 
accuracy of the measurements.  
 
 
Fig. 3.  (a) TLM test structure with unequally spaced contacts, (b) fabricated 
TLM structure showing two Ti/Pd/Ag contacts over an ITO layer, insulated 
from the carrier silicon wafer by an intrinsic a-Si layer. 
III. EXPERIMENTAL RESULTS 
Fig. 4(a) and Fig. 4(b) show cross section and top view 
SEM images of a nanopatterned bare Poly-Si layer, 
respectively. The fabricated nanopattern has a period of 900 
nm, a diameter of 800 nm and a depth of 550 nm. The period 
was predefined from the master stamp while the depth and the 
diameter were chosen to maintain good optical properties of 
the nanopattern, giving as high absorption as possible, while 
keeping in mind that the resulting pattern structure should 
enable conformal deposition of the intrinsic a-Si:H layer for 
good surface passivation and good electrical properties. 
Despite the high roughness of the Poly-Si layer were able to 
nanopattern more than 70% of the surface [see Fig. 4(b)] 
thanks to the flexibility of the soft stamp. 
 
 
Fig. 4  Topography characterization (a) cross section SEM of a nanopatterned 
Poly-Si (b) top view SEM where ~70 % of the surface area is nanopatterned. 
 
Optically, Fig. 5 shows the reflectance and transmittance of 
the fabricated Poly-Si cells, with and without nanopatterning. 
We were able to decrease the integrated reflectance down to 
22.4% compared to the unpatterned cell of 27.1% integrated 
reflectance whereas there is no significant change in 
transmittance [see Fig. 5 (a)]. Fig. 5(b) shows the absorbance 
(A) of both types of cells, deduced from the measured 
reflectance (R) and transmittance (T) through the relation     
A=1-R-T, where the integrated absorbance, consequently, 
increases from 68.7% to 74.1%. We notice from Fig. 5 that 
there is hardly a difference in reflectance, and absorption, at 
the wavelength range around 500 nm. This can be explained 
by the fact that the ITO antireflection layer is optimized for a 
wavelength of 550 nm, and therefore the antireflection effect 
of the ITO layer is taking place around 500nm, making the 
contribution of the nanopattern negligible at that wavelength 
range. In [25] the nanopattern was also compared to the 
plasma texturing on Poly-Si bare layers with an ARC layer, 
where it showed that the integrated reflectance of the 
nanopatterned Poly-Si layer is less by 2% compared to the 
plasma textured layer. 
 
Fig. 5  Optical properties of unpatterned and nanopatterned cells: (a) 
reflectance and transmittance measurements (b) deduced absorbance 
spectrum. 
                                                                                                     
The optical characteristics of the unpatterned and patterned 
cells can be explained by studying short and long wavelengths 
separately. At short wavelengths, from 300 nm to 650 nm, the 
reflectance decreased because the nanopattern decreases the 
amount of the planar part of silicon at the top of the structure 
to the sub-wavelength range and creates a smooth transition 
between air and silicon leading to better light coupling inside 
the photoactive layer as a result of impedance matching 
between the two mediums [26]. At long wavelengths, on the 
other hand, light absorption properties is affected by the 
surface morphology of both the front and the back sides of the 
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cell structure. At the front side, light is diffracted at high 
angles due to the fact that the pattern dimensions are of the 
order of the wavelength of incident light, enhancing the 
interference between transmitted light from the front side and 
the reflected light from the back side leading to total internal 
reflections (TIR) assuming a flat back side. However, at the 
back side we have a rough alumina substrate that can be 
considered as a Lambertian diffuser. As described in [27], the 
presence of, both, a top grating and a back Lambertian diffuser 
decreases the TIR inside the structure allowing for high escape 
transmission through the front side, decreasing the amount of 
light absorbed in the base layer. This effect can be clearly 
noticed at the wavelength range around 500 nm where there is 
no significant difference in reflectance and absorbance. 
However, we still have enhancement of the total absorption, in 
spite of these negative effects resulting from the combination 
of the nanopattern and the back diffuser.  
It should be noted that part of the measured light absorption 
is due to light absorbed in layers other than the photoactive 
layer [28]. Light at short wavelengths could be absorbed by 
the ITO and a-Si. Whereas at long wavelengths, it could be 
absorbed in the alumina substrate and the highly-doped seed 
layer. The shadowing effect of the metal front contacts also 
plays a role in decreasing the absorption and decreasing the 
effective area of the cell. 
Electrically, Fig. 6(a) compares the J-V characteristics of 
the unpatterned and nanopatterned cells showing an increase 
in the short circuit current (𝐽𝑠𝑐), confirming what is expected 
from the improvements in light absorption. As also shown in 
Table. 1, the 𝐽𝑠𝑐 has increased from 20.6 mA/cm
2 to 23.8 
mA/cm2 which is higher than the 𝐽𝑠𝑐 obtained in [7] by plasma 
texturing. This increase in current can be confirmed by the 
increase in the external quantum efficiency (EQE) shown in 
Fig. 6(b) due to the nanopattern. EQE has increased at short 
and long wavelengths, confirming better light coupling into 
the base layer. However, we can notice that the relative 
increase in 𝐽𝑠𝑐 (15.5%) is much higher than the relative 
increase in absorbance (7.9%). This can be confirmed by the 
EQE measurements showing an increase at the wavelength 
range around 500 nm while there is hardly a difference in 
absorbance, as mentioned before, on the same wavelength 
range. This suggests that, thanks to the nanopattern, the 
parasitic absorption in the ITO and a-Si layers is decreased. 
This might be due to the fact that the ITO and a-Si layers are 
not conformally deposited on the nanopattern as shown by V. 
Depauw et al. [28]. This reduces the a-Si thickness by 40% at 
the side walls of the nanopattern whereas the thickness of the 
ITO is only 10% of the horizontal thickness. With the fact that 
we have the same absorbance for both types of cells at that 
wavelength range and, simultaneously, having lower parasitic 
absorption in the nanopatterned cell, one might say that this 
increases the useful absorption in the photoactive layer of the 
nanopatterned cell generating more carriers that lead to higher 
current. We notice that there is a reduction in the open circuit 
voltage (𝑉𝑜𝑐) after nanopatterning, but the drop in the 𝑉𝑜𝑐  is 
only ~18 mV which is not highly significant for this type of 
cell, with material nonuniformities. A stronger drop was 
observed in [28] with a monocrystalline thin film. This limited 
impact is likely due to the fact that the minority-carrier 
diffusion length in Poly-Si is already low due to the presence 
of defects at the grain boundaries as well as intragrain defects 
[29], which result in a domination from bulk recombination 
over surface recombination, contrarily to the case of 
monocrystalline silicon films. That drop might be due to the 
geometrical increase of the surface area and the surface 
damage due to the RIE during nanopatterning. However, the 
contribution of the surface damage due to the RIE is much 
higher than the geometrical increase of the surface area. This 
can be confirmed by the minority carrier life time 
measurements done by C. Trompoukis et al. [30] on 
nanopatterned float zone (FZ) and Czochralski (Cz) wafers 
where it was shown that RIE nanopattern significantly 
decreased the minority carrier life time for both types of 
wafers. The fill factor (FF) has also decreased from 66.1% to 
61.9%, but overall, the conversion efficiency (η) has still 
increased from 6.4% to 6.7%.    
 
 
Fig. 6  Electrical performance of unpatterned and patterned Poly-Si cells: (a) 
J-V characteristics showing an improvement in 𝐽𝑠𝑐, (b) Improvement in EQE. 
 
TABLE I 
PERFORMANCE PARAMETERS OF THE UNPATTERNED AND PATTERNED BEST 
CELLS  
 
 
The limited increase in the efficiency is mainly due to the 
decrease in both the fill factor and 𝑉𝑜𝑐  of the cell. In order to 
study the effect of the nanopattern on the electrical 
performance of the cells, the series resistance of the cell with 
and without the nanopattern was measured. By measuring the 
J-V characteristics of the cell at different illumination 
intensities, the technique which was first proposed by 
Swanson [31], one could measure the series resistance of the 
cell from the difference in the voltage drop on it at different 
intensities. Using this technique, we found that the series 
resistance has increased from 3 Ω to 3.4 Ω justifying the drop 
in the fill factor. 
To further interpret the increase in the series resistance of 
the nanopatterned Poly-Si cell, a TLM structure is fabricated 
as described in the previous section to check the impact of the 
nanopattern on the front layers (ITO and Ti/Pd/Ag). The 
results [see Fig. 7(a)] show two straight lines corresponding to 
the unpatterned and nanopatterned cells. The slope of the 
plotted line is higher for the nanopatterned cell, which is an 
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indication for the increase of the sheet resistance of the ITO 
layer compared to the unpatterned cell. 𝑅𝑠ℎ has increased from 
48 Ω/square to 79 Ω/square [see Table. 2]. This increase in the 
𝑅𝑠ℎ of ITO is due to its poor conformality on top of the 
nanopattern as was shown in [28] where the nanopattern was 
integrated in thin crystalline silicon solar cells. The contact 
resistance between the two layers also increased (from 1.2 Ω 
to 1.6 Ω) due to nonconformality of both ITO layer and 
Ti/Pd/Ag contacts, resulting in the formation of trapped air 
voids in the later [see Fig. 7(b)].  
 
 
Fig. 7  (a) TLM measurements for Ag contacts over ITO layer showing 
increase in both 𝑅𝑠ℎ and 𝑅𝑐, (b) SEM image showing the formation of air 
voids in the Ti/Pd/Ag contact deposited on top of the ITO layer, both 
deposited on a nonconductive substrate 
                                                                                                        
TABLE II 
TLM MEASURED PARAMETERS FOR TI/PD/AG DEPOSITED ON ITO 
 
IV. CONCLUSION 
A 2D periodic nanopattern using NIL has been integrated 
into AIC-based Poly-Si cells boosting the short circuit current. 
𝐽𝑠𝑐 has increased from 20.6 mA/cm
2 to 23.8 mA/cm2 as a result 
of the enhanced absorbance, beating the 𝐽𝑠𝑐 value of the record 
cells textured by plasma thanks to the nanopattern. The fill 
factor, however, has decreased as a result of the 
nanopatterning which was shown to increase the sheet 
resistance of the ITO layer. The increase in the sheet 
resistance of ITO and the formation of trapped air voids, as 
confirmed by the TLM measurements and SEM, increased the 
contact resistance between the ITO layer and the Ti/Pd/Ag 
contacts. The efficiency of the cell, consequently, has slightly 
increased from 6.4% to 6.7%.  
For efficiency improvements from the electrical side, the 𝑉𝑜𝑐 
could be improved by using Tetramethylammonium hydroxide 
(TMAH) wet etching  instead of the RIE etching used after 
NIL [30]. For the FF, using thermal evaporation or sputtering 
as the deposition technique for the front metal contacts is 
expected to have a smaller grain size of silver, which could 
prevent the formation of trapped voids and thus lead to a better 
contact to the ITO layer. The ITO layer conformality on the 
nanopattern could be improved by tilting the sample at 
different angles during the sputtering process using the 
oblique angle deposition [32]. On the optical side, optimizing 
the nanopattern dimensions for better light absorption and 
light coupling into the photoactive layer by the help of the 
optical simulations done in [26], could contribute to higher 𝐽𝑠𝑐 
value. A possibility would be to use HCL [12] for patterning 
which was shown in [33] to increase the nanopatterned area 
and increase it above 70% coverage which has been achieved 
by NIL. NIL surface texturing could also be integrated into 
thin film polycrystalline silicon solar cells based on liquid 
phase crystallization (LPC), the technique that has achieved 
the largest grain sizes and the best material quality so far. 
Furthermore, LPC is not only limited to planar surfaces but it 
also enables the deposition of Polycrystalline silicon on NIL 
textured glass substrates [3]. This, therefore, enables the 
combination of both front and back texturing that could result 
in high efficiency polycrystalline silicon solar cells. 
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